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Measuring terminal velocities of ash from cane burning

By Gary L. Achtemeier
(USDA ForestService,Juliette,U.S.A.)

Summary

Vegetativeash releasedby prescribed
fires conductedin the canefields of
south Florida frequently drifts into
the surroundings.Regulationhas
decreasedthe number of urban
incidents but conflicts remain and the
sugarindustry is often blamedfor ash
from other fires.

A numerical model to simulate the
movementand depositionof caneash
assistsregulatorsin locatingoffending
fires and in permitting prescribed
fires. The terminal velocitiesof
vegetativeashare required inputsto
thismodel.

Two separateashsamples,one
takenin thelaboratoryandtheother
in the field, wereanalyzedas neither
wasconsideredrepresentative.
Differencesexistedbetweenthe two
samples,but terminal velocitieswere
similar in magnitude and distribution
and thus could be combined.

It was concluded that the terminal
velocitiesof “nuisance” sugarcane
ash rangefrom 0.2 - 0.8 in/secand are
largely independentof thesizeof the
ashparticles.

Introduction

TheFloridaSugarIndustryannually
harvestsapproximately427,000acresof
canein southFlorida’. As a preharvest
practice,canefields aretreatedwith
prescribedfire for two reasons.First,fire
eliminateswastebiomassthat would
decreasethe efficiencyof themilling
process.Second,fire controlssnakesand
othervermin that posehealthhazardsto
harvestingcrews.

However,prescribedfire in cane
fields negativelyimpactsthe larger
environmentwhenvegetativeash is
transportedanddepositedoverpopulated
areasalongthe Floridaeastcoast.

In 1971,theFloridaDivision of
Forestrybeganto regulatethe time of day
the sugarindustrycould burn.Regulation
becamemuch morerestrictivein 1991
after the implementationof permit
criteriabasedon wind directionand

speed2.Since1991, thenumberof
complaintsaboutashdepositionin
residentialareasneartheFloridaeast
coasthasfallen from nearly 100 tojust a
few eachyear.

However, the questionof whether
agriculturalburningis over-regulated,
especiallyin thesugarcanegrowing
areaslocatedsouthwestof Lake
Okeechobee,remainsunanswered.This
questionexistspartly becausethe
dynamicsof ashtransportarepoorly
understood.In addition,the sugar
industry is occasionallyblamedfor ash
fallout from fires that originated
elsewhere.Increasedknowledgeabout
the transportand depositionof airborne
fireproductsmayhelp answerthis
questionandperhapseaseregulations,
while maintainingrelatively ash-free
skiesoversouthFlorida.

The modellingapproach

A comprehensivemodellingsystemfor
sugarcaneprescribedfire hasbeen
developedto provide industryand
regulatoryinterestswith accuratereal-
time predictionof ashdeposition.Ash
depositionis displayedfor as many as
50 simultaneousfires on a GIS basemap
of southFlorida.

Themodel hasthe following
applicationsto theashdeposition
problem.First, it may beusedfor
permittingprescribedfires. Second,
whencombinedwith the locationsof
complaintsof ashdepositionoverurban
areas,the modelcandiagnoseoffending
fires. Third, time-dependentgraphical
displayof evolving ashdeposition
patternsmakesthe model an excellent
instructionaltool.

Themodellingphilosophytreatsash
asan ensembleof individual particles
thatareindependentof neighbouring
particles.Themodelis similar in many
respectsto Lagrangianplumedispersion
modelsequippedwith a MonteCarlo
schemefor subgridscalevelocities3.In
contrastwith calculatingconcentration,
translation,anddispersionvia empirical
formulae,the particlemodeling
approachbetterapproximatesthe
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Figure 1. Schematicshowingtrajectories of ashparticles through a smokeplume
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Measuring terminal velocities of aslifrom cane burning

dispersionof ashin a variablewind field
characterizedby strongvertical shear
anddivergentflows.

Once an ashparticleleavesthe
immediatevicinity of the fire, the
problembecomesoneof understanding
the meteorologyof theascendingplume
of smokeandashandthemeteorology
of free fall throughairmassesbelowthe
plume.Figure 1 illustratesthis
philosophyschematically.In trajectory
P1 an ashparticleis carriedfrom the fire
to the top of theplume at somelevel H
while in trajectoryP, the ashparticle
falls outat someintermediatelevel.
Wherethe ashreturnsto groundis
determinedby how longit remains
within the plume,theelevationat which
it departsfrom the plume,and its
residencetime freefalling backto earth.
Thesefactorsareall critically dependent
on terminal velocity.

An exampleof sugarcaneash is
shown in Figure2. Canefires burn hot
andare thereforeextremelyturbulent.
Combustionof deadplantmaterialnear
the groundplacesgreen,leafymaterial
nearthe top of the plantwithin the
flaming zone.Thismaterialis torn apart
andcarriedaloft oncepyrolization has
sufficiently weakenedleafstructures.
Thus,sugarcaneashconsistsof flat
irregularstripsof incompletely
combustedleafy material.Thesestrips
presenta largecross-sectionrelativeto
massto the atmosphereasthey fall.
Therefore,the relationshipbetweensize,
aerodynainicaldrag,andterminal
velocity of sugarcaneashis unclear.

Objective of time study

The objectiveof this study is to provide
the ashdepositionmodelswith a range
of terminal velocitiesthat is
represenlativeof therangeof terminal
velocities found in “nuisance”ashput
into theatmosphereby canefires. As the
modellingsystemcouldcontributeto
permittingdecisionsfor prescribed
burning of sugarcane,it is critical that
terminal velocitiesof vegetativeashare
from sugarcane.

A searchof the literatureand

discussionswith researchpersonnel
involvedwith productionof sugarcane
in Floridauncoveredno existingdataon
terminal velocities for sugarcaneash.
The methodologylbr collectingash
samplesand the techniquesfor obtaining
thedesiredterminal velocitiesare
describedbelow.

Materials andmethods

A multi-agencyfield project tocollect
dataon the transportand depositionof
ashfrom sugarcaneprescribedfires was
conductedat sugarcanegrowingareas
southof LakeOkeechobeefrom 1st -

11th November1994.Theproject
involved the Florida sugarindustry, the
USDA ForestService,the Florida
Division of Forestry.and he Florida
SugarCaneLeague.The 66 sq. mile
(170 kin

2) projectarea,locatedsouthof
LakeOkeechobee.is highlightedin
Figure 3. Eachsquarerepresentsa I
mile section.The site was selected
becausethe land was ownedby a single
corporation,thusmaking lbr easy
accessibility.and detailedfield maps

were availablecontaininghighways,
roads,andservicelanes,thusmaking for
easymobility.

Conceptually,onecould locate
beneathan ash/smokeplume,capture
ashas it falls, and drop it through a fall
chamberto measuretheterminal
velocity. However,a representative
distribution of terminal velocitiescannot
begained in this way becausethose
particleswith sinailer terminal velocities
drift beyondthe projectarea.

If U is the meanadvectingwind
speedthrougha layerof air of depth H
containingthe plumeand if L is the
distancefrom the fire to theedgeof the
projectarea,then thesmallestterminal
velocity an ashparticlecanhaveand fall
within the projectareais w

3 = UH/L. If,
typically. U 5.0 in/s. H = 1.0 km. and
L = 10 km. then w= 0.5 in/sec.Thus in-
field captureof ashmustbe limited to
the larger. heavierparticles.

Severalmethodsfor collectingfield
ashwereattempted.The mo.sl succes.sful
approachwasto captureashparticles
individually on a hand-heldscreen.This

Figure 2. Video image analysissystemusedfor measuringparticle area and density. Camera and ash

sample are in the foreground.Digitized display is shownon the monitor in the background
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Measuringgerminalvelocitiesofashfrom cane burning

practicefurtherbiasedthe dataset
towardlargerparticlesthat could be
easilyseen.

To supplementthe field ashdataset,
partsof sugarcaneplantswerecollected
from the field, burnedin the laboratory,
and the ashcarriedaloft in the
combustioncolumnswas captured.This
datasetgavethemostcompletesize
distribution of ash.However, there
remainedthequestionof whetherash
producedfrom sugarcaneburnedin the
laboratorywasrepresentativeof ash
producedfrom sugarcaneburnedin the
field.

Becausethe field ashdataset was
biasedtoward largerparticlesandthe lab
ashdataset wasobtainedunderdifferent
firing conditions,theexperimental
designcalledfor analysisof the two data
setsseparately.Thereforeparticlearea
anddensity(darkness)were measured
along with terminal velocity. Thesedata
weresubjectedto statisticalanalysisto
testthe hypothesisthat the lab and field
datasets weresimilarand couldbe
combinedinto a singledataset.

Oncecollected,field and lab ash
were storedin coveredcakepansfor
lateranalysis.Subsetsof 258 particles
from thelab datasetand206 particles
from the field datasetrepresentingthe
full rangeof sizesof collectedparticles
wereselectedfor analysis-and
individually catalogued.Eachash
particlewasdroppedthrough
a 0.3x 0.kx 1.5 m calibratedash fall
chamber.All falls were recordedwith a
video camerafitted with a character
generatorthat providedan onscreen
displayof elapsedtime. Resolutionwas
0.1 sec. Thevideo tapewasreplayedon
a videotaperecorderandthe outputwas
fed into a videoimageanalysissystem.
Thevideo imageanalysissystemwas
calibratedby placingalength and width
referencein the field of view and in the
fall planeof theparticle.Freefall
velocitieswerecalculatedby dividing
thedistancefallenby the elapsedtime.
Terminalvelocitieswere assignedwhen
free fall velocitiesmaximizedto a
constant,which generallyoccurred
abovelevels whereparticlefall was

recorded.
Areaandoptical density(darkness)

of the ashparticleswere measuredwith a
videoimageanalysissystem(Figure2).
Theparticleswerebackliton a
transilluminatorandmeasuresof optical
densityandcross-sectionalareawere
takenfrom thesesilhouettedimages.
Optical density(OD) is determinedby
measuringtheintensityof light incident
(I) or shiningon a specimenandthe
intensityof light detected(I) after
passingthroughthe specimen4.Optical
densitywascalculatedfrom,

(1)

Thencross-sectionalareaandaverage
particledensityin unitsof log inverse
gray scalewerefiled for statistical
analysis.

Regressionmodelswere fitted to the
lab and field dataseparately.If models
of thesamefunctional form could be
fitted to both lab andfield dataand
correspondingmodel parameter
estimateswerehomogeneous,thenthe
two samplescouldbecombined,
resultingin a dataset containingthe
bettersizedistribution of the lab sample
and the groundtruth of thefield sample.

Resultsanddiscussion

C’omparisonoflab andfieldash

Figure4 showsdistributionsby cross-
sectionalareaof theashparticles
selectedfor analysis.80% of thelab ash
particleswereless than 25 mm2and
more than50% wereless than 10 mm2.
By contrast,a larger percentageof field
ashparticleswerebetween25 mm2 and
100 mm2.Thesedifferenceswere
expectedbecausethefield datasetwas
biasedtowardlargerparticles.

Figure5 showsrelativedistributions
by densityof lab ashandfield ash.Most
lab ashdensitiesfell between0.3 and 1.0
with a peaknear0.5.Most field ash
densitiesfell between0.6 and 1.3 with a
peaknear1.0. Thusthe field ashwas
mostlydarkerthanthelab ash.

Becausefield ashwas alsogenerally
largerthan lab ash,differencesin
darknessmay be assumedto bejust a

w

END
ATLA?’J TIC SuGAR ASSI’J.

E3 OKEELANTA CORP.
OSCEOI.A FARMS CO
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UNITED STATES SUGAR CORP.

N ~ TALISMAN SUGAR CORP.

Figure 3. Basemapshowingsugarcanegrowing areassouth of Lake Okeechobee,Florida. Urban
areasalong eastcoastare shownin black.Project area south of lake is highlighted.Map was

obtainedfrom screengrab of a colourGIS computerdisplay
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Measuring terminal velocities ofas/ifrom cane burning
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Figure 4. Sugar caneashnumber densityas a function of cross-sectionalarea
for (a) 258 tab particles and (b) 206field particles

function of size. Figure6 compares
particlesizewith densityfor the two
samples.Thereis no relationship
betweensizeand densityfor particles
25 mm2or less in areafor eitherlab or
field ash.A positiverelationshipexists
for particleslargerthan25 mm2—small
particlesaregenerallylight and large
particlesare generallydark.

Moresignificant for the purposesof
this studyarecomparativedensities
betweenlab and field ash.Field ash
particlesare darkerthanlab ashfor all

sizecategorieslarger than25 mm2.
Forexample,more field ashparticles
(Figure6b) than lab ashparticles
(Figure6a)of all sizesaredarkerthan
density 1.2 (dashedline).

Thus, thedifferencesin darknessdo
notexist becausefield ash is largerthan
lab ash.The differencesaremore likely
to existbecausethehotand turbulent
canetires toreapartand lofted
vegetativematerialbeforecombustion
wascomplete.

The most significant finding from

theanalysisof ashterminalvelocitiesis
that thereappearsto bean upperlimit on
terminal velocitiesfor largeparticles.
Figure7 showsterminal velocity asa
function of particlecross-sectionalarea.
The horizontaldashedlines delineatethe
terminal velocity range0.4 - 0.7 m/s.
Mostparticlesof lab ashgreaterthan
50 mm2arefound within this terminal
velocity range(Figure7a).Most particles
of field ashgreaterthan 100 mm2 fall
within the samerange(Figure7b).
Therefore,for largerparticles,terminal
velocities for lab ashand field ashare
essentiallythe same.

Generalsimilaritiesalsoexist
betweenlab and field ash for smaller
particles.The speedrangeis mostly
0.2-0.8m/sfor lab ashfrom 10- 100

2
mm (areabetweenthe two vertical
lines).Most field ashterminalvelocities
fall within thesamerangebut thereis a
greaterconcentrationof particlesin the
0.2 - 0.5 m/srange.Speedsrangefrom
0.1-1.0m/sfor particlesin both datasets
lessthan 10 mm2. Many of thesmall
particlespresentrelatively smallcross
sectionsto the atmosphereand thus
approachthe aerodynamicsof fly ash5.

Theseresultsshowthat terminal
velocitiesof lab ashand field ashmay
be combinedwith confidenceandthat
the limits of terminal velocitiesfor sugar
canefires in the field fall within the
limits of 0.1 - i .0 m/s found from these
two samples.

Eliminating smallparticles

The rangeof terminal velocitiescanbe
narrowed.As mentionedearlier, wind
conditionsand the sizeof the project
arealimited field ashcaptureto the
largerparticlesandthe useof hand-held
screensfurtherbiasedfield ashcapwre
to thoselargeparticlesthat could be
easilyseen.The very small particlesless
than 10 mm2 werenotcapturedasthey
fell butwere more likely to be fragments
of largerparticlesthat brokeapartupon
impact with the screen.Thereforethey
do not representfield ashfor thestnall
sizecategory.

Replacingfield ash terminal

0 100 200 300 400

PARTICLE AREA (mm2)

0 100 200 300 400

PARTICLE AREA (mm2)
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Measuring germinal velocities ofaslifroin cane burning

velocitieswith lab ash terminal
velocitiesfor particleslessthan 10 mm2
eliminatesthe speed“spike” forsmall
particles in Figure 7b. The upper limit
on terminal velocities is reducedto
about0.8 m/s.

In addition, most particles with
terminal velocities less than0.2 m/s
measurelessthan 10 mm2 andare not
noticedunlessthey fall in great
concentration.Thesetiny particles
shoulddisperseovergreatdistancesand
notpresenta nuisance.Therefore,these

F
particlesare unimportantto the
numericalcalculations.Eliminating
themreducestherangeof terminal
velocitiesfor the ashfall anddeposition
modelto 0.2-0.8m/s.

Part of this study was devotedto
comparingmeasurementsof area,
density, and terminal velocity between
the two data setsto determine whether
theycould becombinedstatistically.
Correlationsbetweenanyof cross-
sectionalarea,density,andterminal
velocity foreither lab or field ashwere

non-existentor small.Therefore,the
hypothesisthat bothdatasetscouldbe
combinedcouldbe neitherprovennor
disproven.

Limitations of the study

The 1994field projectdid not include
measurementsof thetotal massof
vegetativematerialreleasedto the
atmosphereduringa typical sugarcane
burn,norobservationsof particlesize
distribution andnumberdensity.
Although thecombineddatasets
presentedin this studyareprobably
representativeof sizedistribution,the
absenceof dataon numberdensityand
total massreleasedmakesquantitative
estimatesof depositionimpossible.We
insteaduse“relative” depositionfrom a
“unit fire” andcapitalizeon the lack of
correlationbetweencross-sectionalarea
andterminal velocity,with thecaveat
that all particlesizesand terminal
velocitiesareequallyprobable.
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Medicion de Ia velocidad terminal
de Ia ceniza proveniente de
quemade ca~a
La liberaci6n de ceniZavegetal
ocasionadapor Ia quemade Ia caija
conducea queen loscamposdecalia del
surde Ia florida ~stase amontone
frecuentementeenlos alrededores.La
regulaci6nhadisminuidoel nilmerode
incidentesurbanosperolosconflictos
permaneceny Ia industriaazucareraesa
menudoculpadapor Iacenizade otros
tiposdefuegos.

Un modelomatem~ticoquesimula

Figure 5. Number of partictes in density(darkness) categoriesfrom white to nearblack
for (a) tab ashand (b) field ash
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Measuring tenninal velocities ofasiifro,n cane burning
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Figure 6. Particle density (darkness) asa function ofcross-sectionalarea
for (a) lab ashand (h) flcld ash

Figure 7. Ash terminal velocity as a function of cross-sectionalarea
for ta) lab ashandtb) neld ash

el movimientoy Ia deposich5nde Ia
cenizadecafiaayudaa los reguladoresa
localizarlos fuegosofensivosy permite
determinarel fuego. La velocidad
terminal de Ia cenizavegetales
requeridacomo datode entradaal
Iflodelo.

Dosmuestrasdistintasdeceniza.
unatomadaenel laboratorioy otraen el
campo,fueronanalizadaspucsninguna
de lasdosCue considerada
representativa.Existierondiferencias
entrelas dosmuestras,pcro las

velocidadesteiminalestueronparecidas
en magnitudy disribucidny deeste
lflod() pudieronsercombinadas.

Estoconcluydenque Ia velocidad
terminal de Ia cenizade cafiade azucar
est~ientreel rangode t).2 a 0.8ni/segy
esmuy independientedel taniaiiodc Ia
particula.
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